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195Pt-NMR measurements of Pt nanoparticles with a mean diameter of 4.0 nm were per-
formed in a high magnetic field of approximately µ0H = 23.3 T to investigate the low-
temperature electronic state of the nanoparticles. The characteristic temperature T ∗, below
which the nuclear spin-lattice relaxation rate 1/T1 deviates from the relaxation rate of the
bulk, shows a magnetic-field dependence. This dependence supports the theoretical predic-
tion of the appearance of discrete energy levels.
Since the theoretical prediction of the quantum-size effect (QSE) on metallic nanopar-
ticles by Kubo,1) intensive theoretical studies on this effect have been conducted.2–4) Kubo
predicted that the electronic properties of metallic nanoparticles will differ from those of the
bulk with decreasing particle size and will depend on the parity of the even or odd electron
number. The key point of this theoretical prediction was consideration of the Hamiltonian of
the nanoparticles as a random matrix resulting from the inhomogeneous boundary conditions
that should be taken into account. Thus, the energy gap ∆ of each nanoparticle is a probability
variable with a certain distribution with a mean value δKubo. Later, it was shown that the dis-
tribution is not unique but depends on the symmetry of the Hamiltonian.3) The distributions
generally differ depending on the strength of the magnetic field.5, 6)
We have previously investigated the electronic properties of Pt nanoparticles with nu-
clear magnetic resonance (NMR) measurements.7) In our measurements, the NMR signals
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corresponding to the surface could be distinguished from those corresponding to the inte-
rior regions of the nanoparticles. This was possible because of the advantage of the large
Pt Knight shift owing to the large density of states of d electrons.8) We found that the nu-
clear spin-lattice relaxation rate 1/T1 of the nanoparticles deviated from the bulk behavior
and started increasing below the characteristic temperature T ∗. The systematic particle size
dependence suggests that kBT ∗ would correspond to the “Kubo” discrete-energy gap.7) The H
dependence of T ∗ is crucial to support the above hypothesis. If the above statements are true,
T ∗ will be affected by H via the Zeeman effect. In nanoparticles with odd (even) number of
electrons the energy gap, or kBT ∗, will increase (decrease) with increasing H. When the Zee-
man energy exceeds the gap size, the H dependence will be switched, i.e., in nanoparticles
with odd (even) number of electrons, the energy gap, or kBT ∗, will increase (decrease) with
increasing H.
In this paper, we investigate the H dependence of T and report that T ∗ shows a non-
monotonic dependence on H, which supports the realization of discrete energy levels corre-
sponding to the “Kubo” gap.
In our previous study,7) we focused on the nanoparticles of d-electron metals with a large
DOS at the Fermi level, which is useful to distinguish the QSE from the surface effect. In
addition, the Pt nucleus is suitable for NMR measurements;9) the gyromagnetic ratio of 195Pt
is large (γn = 9.153 MHz/T) with a nuclear spin of I = 1/2, and thus, the nuclear quadrupole
interaction is absent in the Pt nucleus. Therefore, the shift and linewidth of the 195Pt-NMR
spectrum are determined based on only magnetic interaction.
We carried out measurements on Pt nanoparticle samples with a mean diameter of 4.0
nm, prepared by the reduction of metal ions. The sample synthesis conditions are described
in the previous paper.7) For the NMR measurements, we used 500-mg-weight samples (Pt
nanoparticles coated with Polyvinylpyrrolidone). The NMR measurements were performed
in a wide magnetic field ranging from ∼ 2.8 T (25.35 MHz) to ∼ 23.3 T (212.03 MHz). T1
was measured using the saturation-recovery method at each position of the spectrum i.e.,
at various magnetic fields. Single-component T1 was evaluated through exponential fitting
in the high-temperature range where the Korringa relation holds (metallic range). At low
temperatures, the recovery of the nuclear magnetization shows a multi-exponential behavior;
thus, the fitting was performed in two time regions, and only the fastest components are shown
in this paper.
The NMR spectrum did not change in the measured H range. Therefore, the NMR sig-
nals arising from the surface and interior regions were determined based on the Knight-shift
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Fig. 1. (Color online) Temperature dependence of the nuclear spin-lattice relaxation rate 1/T1 measured in
various magnetic fields at both the surface and the interior positions. Arrows show the characteristic temperature
T ∗.
values, as done in the previous study.7) The temperature dependence of 1/T1 on the surface
and in the interior regions of the nanoparticles in various magnetic fields is shown in Fig. 1.
At high temperatures above 20 K that represented the metallic range in our previous study,7)
1/T1 was unchanged despite increasing H; and the bulk shows a similar behavior. This is con-
sistent with the theoretical prediction that the Kubo effect appears only at low temperatures
below the gap size. On cooling, 1/T1 deviated from its behavior in the metallic range and
started rapidly increasing below the characteristic temperature T ∗ and reached a peak, which
was followed by a sharp decrease. With increasing H, T ∗ evidently shifted to a lower tem-
perature and subsequently increased again. The peak temperature increased monotonically
with the magnetic field, and the peak value of 1/T1 continued to decrease. The magnetic-field
dependence of the characteristic temperature T ∗ is shown with a contour plot of 1/T1T in
Fig. 2. The H dependence of T ∗ was observed even for 1/T1T . The experimentally obtained
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Fig. 2. (Color online) Points: magnetic-field dependence of T ∗ determined in Fig. 1. Temperature and
magnetic-field dependence of 1/T1T are shown by the contour plot. Dotted line: T ∗ = ∆/kB − gµBµ0H/kB.;
Solid line: T ∗ = gµBµ0H/kB, Zeeman splitting model with ∆/kB = 20 K and g = 1.2.
T ∗ in the interior or the surface regions could be fitted to the Zeeman splitting model of
T ∗ =

∆/kB − gµBµ0H/kB µ0H < ∆/2gµB
gµBµ0H/kB µ0H > ∆/2gµB
with ∆/kB = 20 K and g = 1.2. Interestingly, the H dependences of T ∗ and 1/T1T changed
at H corresponding to kBT ∗/2, suggesting that the dominant relaxation mechanism was al-
tered at this field. We also note that the value g = 1.2 estimated from the H dependence
is almost the same as the Lande’s g factor gJ = 1.2 of Pt, the electronic configuration of
which is [Xe](4 f )14(5d)9(6s)1. This indicates the strong spin orbital interaction (SOI) of the
Pt nanoparticles.
It was predicted that the Knight shift shows oscillatory dependence against H,3) but such
a behavior was not observed in this study. As described previously,7) a large SOI can suppress
the QSE in static susceptibility.4) Since the Zeeman energy was almost the same as the gap
size in Pt nanpparticles, the magnetic-field effects on the Knight shift are considered to be
negligibly small. Other cases can be explained as follows. In case of Al nanoparticles, for
which the gap size exceeds SOI, it was reported that the Knight shift depends on the magnetic
field.5, 6) The Knight shift of the Al nanoparticles decreased compared to that of the bulk at a
low temperature and low field, and recovered to the value of the bulk at a high field, nearly
corresponding to the gap size. The gap size of Cu nanoparticles10, 11) is extremely large and is
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not affected by magnetic field.
In summary, we performed high-field NMR measurements of Pt nanoparticles with a
mean diameter of 4.0 nm to investigate the electronic states of the d-electron system nanopar-
ticles. We found that the behavior of T ∗ related to the QSE shows H dependence for both the
surface and interior regions, which can be reasonably explained in terms of the appearance of
discrete energy levels, as predicted by Kubo.
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